Nuclear technology has provided society with valuable diagnostic and therapeutic radioisotopes, and the tools to decipher the fundamental nature of matter. This technology has also provided a tremendous source of energy, which, when compared with thermal combustion technologies and hydroelectric projects, is much less destructive environmentally. The nuclear disasters at Three Mile Island and Chernobyl galvanized public opinion against the industry, prompting governments to reevaluate their commitments to nuclear energy programs. Other concerns such as huge cost overruns, high initial capitalization, and waste management and disposal strategies were also factored into the overall assessment of the industry. Between 60,000 and 80,000 m 3 of low-level radioactive waste is generated annually in the United States, and is disposed of using shallow land burial, below-ground vaults, above-ground vaults, earth-mounded concrete bunkers, shaft disposal, and rock cavities. By the year 2000, CANDU reactors alone will have generated at least 38,000 tonnes of highlevel waste. Disposal systems ranging from the ridiculous to the viable have been suggested, with seabed disposal and geologic disposal ranking as the most likely methods to be employed.
After the end of the Second World War, there was a redeployment of nuclear technology towards more peaceful applications (WCED, 1987:182) , most notably energy generation, radiopharmaceutical production, and particle research.
The release of the equivalent of 2.7 tonnes of coal from 1 g of 235 U (Tupper, 1995) , is a highly marketable concept. The generation of energy from nuclear fission currently accounts for just slightly over 5% of global energy production, and 19% of global electricity production (Tupper, 1995) , representing 6,783 petajoules of energy (World Resources, 1992:314) . In the province of Ontario, approximately 50% of the energy requirements (Tupper, 1995) are provided by nuclear reactors located at the Pickering, Darlington, and Bruce facilities. A moratorium on nuclear power, imposed by the NDP government, currently exists in the province of Ontario. Other nations such as Belgium, France, South Korea and Sweden currently rely on nuclear energy generation for more than 50% of their electricity supply (Nisbet, 1991:192) .
Radiopharmaceuticals have proven to be very powerful diagnostic, and therapeutic products of nuclear fission. This is a growth industry, with Atomic Energy of Canada Limited (AECL) providing more than 50% of the World's supply of 60 Co, used for radiation treatment. Other radioisotopes such as 67 Ga, used for tumor diagnosis, 99m Tc, used for organ imaging, and 131 I, used in thyroid imaging, were administered on over 10,000,000 occasions in the United States in 1988 (Gershey et al, 1990:26) .
Nuclear reactors, accelerators and cyclotrons, provide the necessary environment for studying particle physics, affording research scientists the opportunity to delve deeper into the mysteries of matter. In addition to the aforementioned benefits of the nuclear industry, nuclear energy generation is relatively benign environmentally. In contrast, the production of electricity by the combustion of fossil fuels injects greenhouse gases (CO 2 ), and gases that are converted into acidic precipitation (SO 2 ) into the atmosphere. Hydroelectric projects flood vast tracts of land, and as a consequence, displace people and countless other species, foster chemical reactions that produce methyl mercury, and exacerbate erosion.
Why then has this seeming panacea fallen into disfavour? The title of this essay is certainly one reason: public perception regarding the safe, long-term disposal of radioactive waste. There are other significant reasons as well, including high initial capitalization, construction cost overruns, the cost of decommissioning, the proliferation of fissile material, and risk. The disaster at Three Mile Island in 1979, triggered the cancellation of 108 nuclear facilities in the United States (Flavin, 1991:207) , while Sweden, Austria, Greece, Italy, Belgium, The Netherlands, and Switzerland, decided to curtail their nuclear energy industries after the tragic Chernobyl accident in 1986 (Nisbet, 1991:214) .
Assuming that nuclear reactors in the future can be constructed with "over-engineered" safety systems, and for a cost that is competitive with other forms of energy production, there is still the problem of radioactive waste disposal.
Radioactive waste can be classified as low-level (LLRW), intermediate-level (ILW), high-level (HLW), or transuranic (TRU). Low-level waste is subdivided into three classes, A, B, and C, in decreasing magnitudes of radioactivity, which are dependent upon the concentration, half-life, and sources of the radionuclides (Gershey et al, 1990:13) . Intermediate-level waste includes fuel cladding, resins, filters, and short-lived radioisotopes used in hospitals (Reid, 1990:4) . High-level waste includes spent fuel rods, and the various by-products generated during their manufacture and reprocessing (Montgomery, 1992:342) . Transuranic waste is comprised of materials contaminated by radionuclides with atomic numbers greater than uranium, such as plutonium, curium and americium (Gershey, et al, 1990:9) .
The hazards posed by any specific radionuclide, or suite of radionuclides, is a function of the halflife, mode and energy intensity of decay, concentration, and mobility (Gershey et al, 1990:13) . The half-life is defined as the time required to achieve a 50% reduction in the activity of any radionuclide, and is generally inversely related to the intensity of radiation (Krauskopf, 1988:8) . This reduction in activity proceeds by the emission of ionizing radiation in the form of either alpha particles or beta particles, with concomitant electromagnetic radiation produced in the form of gamma rays (Krauskopf, 1988:9) . Since alpha particles have a very high specific ionization due to their momentum and mass, they can be effectively attenuated by a sheet of paper (Krauskopf, 1988:9) . If they are ingested, however, cellular damage will be dramatic. Beta particles can penetrate the skin, with the amount of radiation damage being organ specific. Gamma rays penetrate the body easily, and are thus the most dangerous to contend with in terms of waste disposal (Krauskopf, 1988:9) . The radiation absorbed dose (rad) is a measure of the absorption of ionizing radiation energy per gram of absorbing material, with 1 rad being equal to 10 -5 joules (Krauskopf, 1988:5) . The roentgen equivalent man (rem), factors in the differential biological impact of different forms of radiation, with threshold limit values (TLV's) being established for specific organs (Krauskopf, 1988:4) . The solubility and volatility of radionuclides is referred to as mobility, while some radionuclides demonstrate differential affinity within the body, for example, iodine will bioaccumulate in the thyroid gland, and strontium will migrate to bone tissue (Gershey, 1990:15) .
Low-Level Waste Disposal
Definitions of low-level waste vary greatly from country to country (Krauskopf, 1988:112) , with Canada's current threshold set at 5mrem (millirem) at a distance of 1 metre.
Low-level waste can be in solid, liquid, or gaseous form, and represents between 60,000 and 80,000 m 3 annually in the United States (Gershey et al, 1990:37) . Examples of solid waste include radioactive materials used in medical practice, laboratory apparatus, and disposable clothing (Krauskopf, 1988:112) . Liquid waste can include reagents used in radioisotope production, and tritiated heavy water, while gaseous fission product effluent such as 85 Kr and 133 Xe (Krauskopf, 1988:112) , are trapped in high-efficiency particulate (HEPA) filters, allowed to decay, and disposed of with other low-level wastes.
Low-level waste disposal sites must meet many stringent criteria established by the International Atomic Energy Agency (IAEA). The most important criterion is that waste confinement should remain effective until the radionuclides have decayed to a biologically acceptable level (Gershey et al, 1990:99) . In order to ensure adequate confinement, sites are selected on the basis of hydrogeology, land-use, ecology and socioeconomic factors (Gershey et al, 1990:100) .
Shallow Land Burial (SLB)
Shallow land burial usually consists of a plastic or concrete-lined trench located within 30 m of the surface (Gershey et al, 1990:100) . The waste is emplaced using steel drums or cement casks, backfilled, and capped with an impermeable and concave clay layer, to mitigate water infiltration and promote runoff (Gershey et al, 1990 :100). The trenches are usually 100 ft wide and 20 ft deep, and include a layer of sand below the waste to promote drainage, and monitoring pipes surrounding the trench, used to detect radionuclide migration (Gershey et al, 1990:104) .
Below-Ground Vaults (BGV)
Atomic Energy of Canada Limited (AECL) employs this system at the Chalk River Nuclear Laboratories (CRNL). Compartmentalized concrete vaults, located below the surface, are placed in trenches with existing drainage and monitoring systems (Gershey et al, 1990:106) . The vaults are subsequently covered with a layer of permeable sand, followed by a layer of impermeable clay, with access provided by removable concrete plugs (Gershey et al, 1990:107) .
Above-Ground Vaults (AGV)
This storage system is similar to the BGV, with some portion of the structure remaining aboveground (Gershey et al, 1990:107) to facilitate access. It has been used successfully in Canada at both the Point Lepreau NB, and the Bruce facilities (Gershey et al, 1990:107) .
Earth-Mounded Concrete Bunker (EMCB)
This storage system which has been used successfully at Chalk River Nuclear Laboratories, separates radioactive wastes according to activity, with higher-activity radionuclides being encrypted in concrete below the surface, and lower-activity radionuclides being placed above them (Gershey et al, 1990:109) . Drainage systems are installed within and around the bunker, which is covered first with permeable material and then with impermeable clay (Gershey et al, 1990:109) .
Shaft Disposal
At Chalk River, tritium and ion-exchange resins and canisters are disposed of in concrete-lined shafts located above the water table. The shaft has both internal and external drainage systems, with one monitoring piezometer located in the shaft, and another located just below the water table (Gershey et al, 1990:111) .
Rock Cavities
Abandoned mines or specially excavated cavities can provide a suitable repository for low-level and high-level radioisotopes, assuming that the local geology is not susceptible to faulting or fracturing (Gershey et al, 1990:110) . These cavities, which may be up to 3000 m deep, emplace waste packages in shallow boreholes in the tunnel floor (Gershey et al, 1990:112) . The cavities are then backfilled with bentonite, smectite-rich clay that swells on contact with water, effectively plugging any openings (Krauskopf, 1988:45) .
High-Level Waste Disposal
By the year 2000, it is estimated that 38,000 tonnes of spent fuel will have been generated by CANDU reactors (Krauskopf, 1988:25 (Krauskopf, 1988:26) . Ultimately, there will be a need to dispose of high-level radioactive waste, the proposed methods including disposal in space, ice sheet disposal, seabed disposal, disposal in subduction zones, and geologic disposal.
Disposal In Space
This option of high-level waste (HLW) disposal advocates the launching of rockets containing HLW into space. There are a number of rather serious problems associated with this proposed method, including astronomical cost and risk (Montgomery, 1992:343) . A failed launch could prove to be catastrophic, with an out-of-control payload having the potential to scatter radioactive debris over a wide swath.
Ice Sheet Disposal
Antarctic ice sheet disposal of HLW is undoubtedly one of the most ludicrous proposals to have ever been suggested. Since radioactive decay not only creates new species of radionuclides (daughter products), but also transforms kinetic and electromagnetic energy into sensible heat, the stability of the ice sheet would be compromised. Since ice has properties of flow, calving masses of ice containing radionuclides could eventually enter the hydrosphere, polluting the world' s oceans (Montgomery, 1992:343) .
Seabed Disposal
Burial within fine, clay-rich marine sediments, distal to plate boundaries, is an idea that many scientists consider viable (Krauskopf, 1988:32) , with a past director of the Wood' s Hole Oceanographic Research Institute, being a major advocate. Proponents of this method of disposal cite geologic stability, the low permeability of clays, and the low mixing properties of cold, saline water, as selling points (Montgomery, 1992:343) . Skeptics question the impact of sensible heat on diagenetic processes, the interaction of radionuclides with salt, should the canisters be breached, and the impact of ocean currents (Krauskopf, 1988:33) . The potential deleterious impact upon the benthic community is also very difficult to predict, since so very little is currently known.
Disposal In Subduction Zones
Subduction zones occur at active convergent plate boundaries, where the more dense oceanic crust is subducted under the less dense continental crust (Montgomery, 1992:459) . It is postulated that high-level radioactive waste emplaced in trenches located above subduction zones, would eventually be covered with eroded sediments and carried into the asthenosphere (Montgomery, 1992:343) . Unfortunately, the precise mechanisms of subduction are not fully understood, the possibility existing that instead of being transported into the asthenosphere, HLW could be "scraped" off by the overriding plate (Montgomery, 1992:343) . Other potential problems include the very slow rates of sedimentation and subduction, and the corrosive properties of seawater (Montgomery, 1992:343) .
Geologic Disposal
Terrestrial disposal of high-level waste is undoubtedly the most viable option for one important reason; the existing body of knowledge is such that decisions regarding site criteria and containment parameters will be predicated upon very sound geologic, hydrogeologic, geophysical and geochemical principles that have long-standing empirical roots.
Natural analogues can be used to predict the longevity of various types of metal containers, the stability and sorptive characteristics of backfilling materials such as bentonite, and the behaviour of waste fuel pellets, by observing the in-situ behaviour of metals, clays, uraninite and pitchblende (Krauskopf, 1988:96) . Computer models can be developed, particularly in a geographic information systems (GIS) environment, to predict the response of HLW to variations in temperature, pressure, pH, geologic setting, and groundwater flow.
Acceptable geologic sites must be located distal to any recorded tectonic activity, and in rocks of low permeability (Krauskopf, 1988:46) . Locations where there exist potential ore deposits or hydrocarbon accumulations must also be avoided, as with fracture and breccia zones, where groundwater is highly mobile (Krauskopf, 1988:46) . Rocks of high thermal conductivity should also be selected, since the sensible heat from radionuclide decay would then be more rapidly dissipated (Krauskopf, 1988:48) .
Prior to emplacement in any geologic repository, the liquid and solid HLW will most likely be vitrified, or incorporated into a glass matrix. After vitrification, the HLW will be sealed in canisters, fabricated from zirconium or zircalloy (Montgomery, 1992:344) .
High-level waste disposal in salt domes or thickly bedded salt deposits has many advantages that include a high melting point, low porosity and permeability under dry conditions, the ability to flow plastically, and high heat conductivity (Montgomery, 1992:345) . The major disadvantages of this proposed method of disposal are the possibility of corrosive brine accumulations in close proximity to the HLW canisters, and the liberation of chlorine by ionizing radiation, producing an oxidizing environment (Krauskopf, 1988:48) . Many potential sites exist in the south central United States, the northeastern United States and Ontario, and western Canada (Krauskopf, 1988:49) .
Repositories in crystalline rocks, such as the granites and gneiss found in the Canadian Shield, France, Sweden and Japan, necessitate locating a sufficiently large volume of rock at a depth where the joints are few and small, to minimize groundwater movement (Krauskopf, 1988:48) . The Swedish plan proposes the isolation of HLW from the biosphere using thick-walled copper canisters placed 500 m below the ground surface (Krauskopf, 1988:81) . The canisters will be overlain and surrounded by bentonite, and spatially arranged to ensure that temperatures do not rise above 80°C (Krauskopf, 1988:81) .
Host rock comprised of tuff, formed by the consolidation of volcanic ash (Krauskopf, 1988:50) , is another option that has been given serious consideration. In the arid regions of the United States southwest, tuff can be several hundreds of metres thick, located well above the regional water table in the vadose zone (Krauskopf, 1988:51) . The alteration of tuff produces hydrous silicate minerals called zeolites, which have a very high ion-exchange capacity, thus enabling the immobilization of migrating radionuclides (Montgomery, 1992:344) . Unfortunately, zeolites are relatively porous and permeable, and are structurally unstable at low temperatures (Montgomery, 1992:344) . Welded, or fused tuff, on the other hand, are impermeable, and exhibit low porosity, but fracture easily due to their brittle structure (Montgomery, 1992:344) .
Shale and other clay-rich sedimentary rocks represent other disposal options, as does basalt. Shale is low in permeability, and exhibits plastic-like behaviour when subjected to stress, although it is brittle, and may contain permeable interlayers (Montgomery, 1992:344) . Basalt is usually associated with the positive attributes of alkaline groundwater and low redox potential, but can only be considered a viable option if the flows are relatively joint-free (Krauskopf, 1988:51) .
Under the right set of geologic conditions, any one of the aforementioned repositories could prove to be environmentally acceptable, although exhaustive research still needs to be performed in order to ensure that the long-lived radioisotopes particularly, are not introduced into the biosphere or hydrosphere.
Conclusion
Assuming that the nuclear energy industry can overcome operational safety concerns and become more competitive financially, serious waste disposal questions still remain. The viability of this industry depends very heavily upon public perception, which is currently at an all-time low. Regardless of whether or not the industry can survive, plants will have to be decommissioned, and enormous amounts of radioactive waste disposed of. The various methods of low and high-level disposal that have been presented represent some of the possibilities that could be implemented with the necessary public support.
